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Abstract—We present a method to predict the coherence band-
width, delay spread, and power transfer function of a reverbera-
tion chamber. With an S-parameter measurement of an unloaded
chamber and a measurement of one loading condition, the charac-
teristics for other loading conditions can be predicted. The method
is based on the absorption cross section of the absorbing material
that is added to the chamber. We tested this method in two differ-
ent reverberation chambers and for different types, shapes, and
orientations of absorbing material. For all evaluated cases, the dif-
ferences between the predicted and measured characteristics were
below 6.2%.

Index Terms—Absorption cross section, coherence bandwidth,
delay spread, over-the-air (OTA) test, power transfer function, re-
verberation chamber (RC), wireless system.

1. INTRODUCTION

EVERBERATIONS chambers (RCs) are becoming popu-

lar for testing the performance of wireless devices and can
be used to simulate different multipath environments [1]-[10].
RCs are very popular measurement environments in the wire-
less community due to their adaptive nature. By loading the RC
with different amounts of RF absorber we can replicate various
real-world environments.

The coherence bandwidth (CBW) and the root-mean-square
(RMS) delay spread Trvs are important characteristics of the
RC and are related to each other by an inverse relationship [2],
[3], [6]. The CBW is the bandwidth over which the frequencies
are correlated. If a signal has a bandwidth narrower than the
CBW, the channel is expected to be frequency flat. If the signal
bandwidth is higher than the CBW, the channel is frequency
selective and this may cause errors in demodulation of the
received signal [2], [3], [5], [9]. By a channel, we mean the
medium used to transmit a signal [11]. The CBW of the RC

Manuscript received February 19, 2016; revised May 02, 2016; accepted May
19, 2016. Date of publication June 21, 2016; date of current version August 16,
2016.

J.N. H. Dortmans, K. A. Remley, D. Seni¢, and C. L. Holloway are with the
Communications Technology Laboratory, National Institute of Standards and
Technology, Boulder, CO 80305 USA (email: j.n.h.dortmans@student.tue.nl;
kate.remley @nist.gov; damir.senic @nist.gov; holloway @boulder.nist.gov).

C.-M. Wang is with the Statistical Engineering Division, National Institute
of Standards and Technology, Boulder, CO 80305 USA (e-mail: jwang@
boulder.nist.gov).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TEMC.2016.2572059

needs to be wider than the signal bandwidth of the device under
test (DUT). The time-domain equivalent of a narrow CBW is
a long Tryvs resulting in intersymbol interference.

The CBW and 7ryms of the RC can be changed by adding
RF absorbing material to the chamber. Adding RF absorber will
lower the Q factor [4], [8], [10], widen the CBW [3], [10],
[12], and shorten 7ryms [2], [4]. Loading the RC reduces the
spatial uniformity and increases the measurement uncertainties
(71, (81, [101, [12].

For power-related DUT measurements such as total radiated
power and total isotropic sensitivity (TIS), the chamber refer-
ence power transfer function Gy is an important quantity. Ger
is similar to the range path loss of an anechoic chamber [10]. For
calculations of the actual sent or received power by the DUT,
the path loss in the RC is needed.

In past research work [10], RCs were iteratively loaded with
RF absorbers. For every loading case, the CBW was calculated
from measured S-parameters. If the CBW was too narrow, a
piece of absorber was added and the CBW was measured again.
This process was repeated until the desired CBW was reached.
These measurements were time consuming. Time can be saved
by predicting the CBW for a given amount of RF absorber with
known properties and for known properties of the unloaded RC.

Previous research work [13] focused on predicting the CBW
from the dimensions of the absorbing surface and from the
permittivity of the absorbing material. From the absorption cross
section (ACS) of the absorbers, the change in CBW versus the
number of absorbers was estimated. Amador et al. [14] used the
ACS of one object to deduce the effect of /N absorbing objects
on the Q factor and time response of the RC. For this prediction,
a three-dimensional model of the absorber was needed.

This paper will focus on the prediction of the CBW, Trus,
and Gyer without knowing the electrical parameters of the RF
absorber in advance. We have developed a method to predict
these metrics of the RC setup with a measurement of the un-
loaded chamber and a measurement of a single loading case. We
will consider different types of absorbing material and different
setups to evaluate the method.

The systematic overview of the paper is as follows:
Section II describes theoretical background needed for the pre-
diction of RC characteristics. We use ACS as a metric to predict
the chamber characteristic, so we relate ACS to CBW, 7rums,
and Gy in this section. In Section III, we describe the setups
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we measured and procedures we used to acquire data needed
to show the prediction method. Section IV is divided in three
parts. The first part shows the influence of the vector network
analyzer (VNA) setup on the resulting chamber characteristics.
The second part gives the results of the chamber characteristics
predicted from multiple loading measurements. The last part
uses the results of the second part to predict chamber character-
istics from a single loading measurement. We draw conclusion
in Section V.

II. THEORY

The ACS provides the effective absorbing quality of an ab-
sorbing object and is an important metric of lossy objects. The
ACS of different objects was studied in [15] and [16]. The
ACS in m? of an absorbing object can be determined from
its contribution to the Q factor of the RC, as discussed in
[17, Sec. 10.4]
2V
= Qs
In (1), V is the volume of the RC in m?3, A is the free space
wavelength in m, and Q. is the Q factor contribution of the
absorbing object. The chevrons denote the average over the
paddle stirring positions N, antenna stirring positions M, and
frequency points f. The inverse Q factor of the loaded RC can
be written as the Q factor of the unloaded RC added in inverse
with the Q factor contribution of the absorbing object

QL' =Qu' + Que- )

By combining (1) and (2), we can write the ACS as a function
of the Q factor of the loaded and unloaded RC

<ACS>N7M’f = (mQ) (1)

27V
(ACS)vars = =—(QC' - Q) (). )
We can relate Tryvs to @ by [41, [6], [17]
QL =w(mgus)vary and  Qu = w(mRys)vary, (4

where (ks ) v, a7, £ and (TRys) vz, are the chamber time con-
stants for the loaded and unloaded RC, respectively. We found
Trms from the square root of the second-central moment of the
power delay profile (PDP), described in [4]. Values of the PDP
reaching the noise floor were removed. We also calculated s
using different methods. 7ryms determined by removing early
time response and from an exponential fit to the PDP gave sim-
ilar results. By combining (3) and (4) and using w = 27¢/A,
we can write the ACS as a function of the time constant of the
loaded and unloaded RC

\%4 1 1
(ACS)n a1 f = — (
M (TR

2
<T¥M5>A',M,f) ()

&)
where c is the speed of light in free space in m/s. If we change
the order of the variables in (5), we can calculate Ty as an
inverse function of ACS and 7%

INM.f

L L [((ACS)nar e ) )1
o = (S (2')
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Using (6), we can predict Ty if we know 75,5 and the ACS

of an absorbing object placed in the RC. 75 can be deter-
mined by calculating the PDP from S-parameters, described
in [4] and [6].

Equations (1) and (6) were derived for an RC with good
spatial uniformity. This paper empirically shows that these
relationships hold even for heavily loaded RCs. Now we re-
place Trums in (5) with CBW for both the loaded and unloaded
chamber, where Trvs can be calculated from CBW following

[2], [3], [6]
V3
CBWr

which was originally calculated for an ideal RC. The CBW can
be determined from S-parameters applying an autocorrelation
function [5]

(s), (N

TRMS =

RAL) = [ Su(fn)Se (4 Afnaf. ®)
The CBW is defined as the frequency band for which the au-
tocorrelation lies above a certain threshold. A higher threshold
results in a flatter channel. The choice of the threshold depends
on the receiver to be tested [18]. In this study, we use a threshold
of 0.5 because the devices we intend to test have error correction.
By combining (5) and (7), we obtain the ACS as a function
of the CBW of the loaded and unloaded RC
(ACS)n v ¢ = (CBWL

CBWY) (m*). (9

f 3c
Rearranging (9), we can calculate CBW" as a function of the
ACS and CBWY

< ACS>NJ\J_’f \/?;C
Vr

With (10), CBW" can be predicted from the ACS of the RF
absorber and CBWY.

From [19] and [20], it follows that the ACS can also be
calculated from the G/t of the RC. The Q factor of the unloaded
and loaded RC can be written as [17]

167*V (Pu) N, f
A3 P, and Q1 = A3

CBW! = + CBWY  (Hz). (10)

1672V (Py)n w
P b

(11)
where F; is the transmitted power, <Pru>N, M, s 1s the average
received power of the unloaded RC, and (P ) v 2z, 7 is the aver-
age received power of the loaded RC. Following [17, eq. 10.28],
we can combine (3) and (11), giving the ACS as

AP 1 1 (m?)
8m ((RL)J\'.M,f <PrU>N,M.f> e
(12)
Characterization of an RC is often carried out with a VNA
that measures S-parameters. For perfectly matched antennas,
a measurement of the forward transmission coefficient So; is
sufficient. The square of Sy; is equal to the ratio of the received
power and the transmitted power. However, the antennas are not
perfectly matched which causes reflections at the antenna ports.

Qu =

(ACS)N . f =
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We can correct the reflections by using the transfer function G
(|S91 \2>N,M.,f
(1 — |<511>N,M,f|2) (1 — |<Sz2>1v.J\1,f\2)

where S7; is the reflection coefficient of the transmit antenna
and Sy is the reflection coefficient of the receive antenna.

Also, the efficiencies of the transmit and receive antennas are
not perfect. By correcting (13) with the transmit antenna radia-
tion efficiency e, and the receive antenna radiation efficiency e;,
we get

G:

;o (13)

([S21 ") 0.1
2 2
(1= 1w ) (1= HSe2hvar s ) cve

For the DUT measurements, we correct only for the efficiency
of the transmit antenna because the receive antenna will be the
same in VNA and DUT measurements and e, will cancel out
[10]. Using (12) and (14), we get

(ACS)N 1, f = > <GIL - GlU> (m?).

8 ref ref

Gref = . (14

15)

L

¢ as an inverse function

By rearranging (15), we can calculate G
of the ACS and GY

ref

. (ACS)yary-8m 1\

ref —

(16)
ref

In (16), GL; can be predicted if we know the ACS of the RF
absorber and GY;. We can calculate GY; from S-parameters and
by knowing the efficiencies of the transmit and receive antennas
with (14).

In the following sections, we evaluate the predictive ability
of (6), (10), and (16) for a number of RC setups.

III. MEASUREMENT SETUP

The measurements were made inside two different RCs
located at the National Institute of Standards and Technol-
ogy, Boulder, CO, USA. The dimensions of the large RC are
46 m () x 3.1 m (w) x 2.8 m (h). The RC contains one
mechanical metal mode stirrer tracing out a cylinder with ra-
dius 0.5 m and height 2.1 m mounted between the floor and
ceiling of the chamber. The dimensions of the small RC are
1.5m () x 1.2 m (w) x 1.5 m (h), and it contains a single
mechanical metal mode stirrer tracing out a cylinder with radius
0.3 m and height 1.1 m mounted between the floor and ceiling
of the chamber.

For both RCs, a double-ridged horn antenna (DRHA) and a
discone antenna were placed inside (see Fig. 1). The DRHA
was pointed away from the omnidirectional discone antenna so
no large line-of-sight component was created. The DRHA and
the discone antenna had operating frequency ranges of 1 GHz—
18 GHz and 0.65 GHz-3.5 GHz, respectively. The discone an-
tenna was connected to port 1 of a VNA and served as the trans-
mit antenna. The DRHA was connected to port 2 of the VNA and
served as the receive antenna. The antennas were placed at least
a half wavelength away from the walls and metal objects and at
an enough distance away from absorbing materials to prevent
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Fig. 1. RC measurement setups. Top row from left to right: Setup A and Setup
B. Bottom row from left to right: Setup C and Setup D. The large Xs indicate
the locations of the transmit antenna for each measurement. Setups are defined
in Table I.

the proximity effect [18]. The positions of the receive antenna
were chosen such that there is no spatial correlation between
them. S-parameters were measured from 800 MHz to 900 MHz
(cell band) and 1850 MHz to 2000 MHz (personal communica-
tions service (PCS) band) with a frequency spacing of 50 kHz;
hence, 2001 and 3001 points were measured in these frequency
bands, respectively. For the small RC, we only measured the
PCS band because based on our previous measurements, the
lowest usable frequency for this RC is approximately 900 MHz.
For all setups, S-parameters were collected for 72 stepped posi-
tions of the mechanical stirrer with 5 © spacing, so one complete
revolution of the stirrer was measured.

We used four setups with different types, shapes, and place-
ment of absorbers inside the two different RCs. Fig. 2 shows a
photograph of Setup A loaded with seven RF absorber blocks.
As described in Table I, we used two different sets of layered RF
absorber blocks of size 0.61 m x 0.61 m x 0.15 m in two differ-
ent loading configurations. The overall exposed surface area of
a configuration is a reasonable metric to use for predicting ACS
and other characteristics [21]. We also used one set of small RF
absorbers blocks with size 0.30 m x 0.30 m x 0.15 m and one
set of pyramidal absorbers. The size of the base of the pyramidal
absorber was 0.60 m x 0.60 m x 0.10 m and contained 3 x 3
pyramids with height 0.49 m and a base of 0.20 m x 0.20 m.
The total exposed surface of one pyramidal absorber was 2.0 m?
(the bottom of the absorber is not visible because it lies on the
metal floor). Table I summarizes the measurement setups.
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Fig.2. Picture of Setup A. The antenna in the left back of the RC is the receive
antenna and in the left front is the transmit antenna. The mechanical stirrer is
located in the left back of the chamber and the absorbers are placed in the right
back of the chamber.

TABLE I
SUMMARY OF MEASUREMENT SETUPS

Setup A Setup B Setup C Setup D
RC Large RC Large RC Large RC Small RC
Absorber type Block set 1 Block set 2 Pyramidal Small block
Number of 1to7 1to5 1to4 1to5
absorbers
Absorber In a stack On the side On the floor In a stack
placement
Antenna 3 3 3 3
positions
Antenna 3 1 1 1
orientations per
position
Exposed surface 0.74 m? 1.0 m? 2.0 m? 0.27 m*

1 absorber

Exposed surface area of one absorber placed in the RC. Adding absorber in a stack will
not add the same amount of surface area.

TABLE I
RELATIONSHIP BETWEEN NUMBER OF POINTS PER MHZ AND FREQUENCY
SPACING

Frequency points per MHz ~ Frequency spacing A f (kHz)

0.5 2000
1 1000
2 500

2.5 400
5 200

10 100

20 50

IV. MEASUREMENT RESULTS

A. VNA Setup for CBW, Tp s, and Gyer Measurements

The ACS can be calculated from mryvs with (5), from G e
with (15), or from CBW with (9). However, we must ensure
that these values are computed from a sufficient number of
frequency points for a given RC setup in order to obtain a reliable
result. We calculated 7rvs, Grer, and CBW for Setup A using
different numbers of frequency points per MHz by decimating
the collected data, as shown in Table II.
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Fig. 3. 7rms and CBW as a function of the number of measured frequency

points for the unloaded large RC (Setup A) calculated for the cell and PCS
bands.
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Fig. 4. Convergence of 7rms, Gref, and CBW for the unloaded large RC
(Setup A). The graph shows the percent difference between the current point
and the next point calculated for the cell and PCS bands.

Fig. 3 shows 7rms and CBW for different numbers of fre-
quency points. Fig. 4 shows the convergence of Trms, CBW,
and Gir. By convergence, we mean the percent difference be-
tween two consecutive points. We say that a value is converged
when the convergence is less than 5% per frequency point. The
calculations for these figures were made for the cell and PCS
bands. We show measurements made in an unloaded RC, be-
cause in an unloaded RC, the convergence is slowest. The CBW
converges faster than Trys, to within 5%, at 5 points per MHz
for this RC setup. For the calculation of G, the number of
points needed is not large and G'.r has already converged at 0.5
points per MHz.

We also studied the number of frequency points needed for
the calculation of Trys, Gref, and CBW for the small RC (Setup
D). Fig. 5 shows the convergence with increasing number of
frequency points per MHz for the unloaded small RC for the
PCS band. For this RC setup, the CBW again converges faster



DORTMANS et al.: USE OF ABSORPTION CROSS SECTION TO PREDICT COHERENCE BANDWIDTH

100
—¥%— 7rus PCS
—a— CBW PCS
—b— G,y PCS
. 80 !
=
£
°
Qo
9
o 60
[}
(3]
=
(3]
2 401
[
>
c
3
20

e = ¥ e B !
0.5 1 2 25 5 10
Number of frequency points per MHz

Fig. 5. Convergence of Trvms, Gref, and CBW for the unloaded small RC
(Setup D). The graph shows the percent difference between the current point
and the next point calculated for the PCS band.

TABLE III
7) AND MAXIMUM DIFFERENCE BETWEEN MEASURED AND PREDICTED CBW,
TRMS > AND Grgr PREDICTED FROM MULTIPLE LOADING CONDITIONS

A nax A max A max
Setup neew  CBW (%) frpys TRMs (%) 76 Grer (dB)
A Cell 0.25 1.9 0.24 2.9 0.25 0.067
A PCS 0.23 1.2 0.23 3.2 0.25 0.057
B Cell 0.21 1.9 0.20 2.8 - -
B PCS 0.20 3.2 0.20 24 - -
C Cell 0.15 3.1 0.15 2.3 - -
C PCS 0.15 1.7 0.14 2.2 - —
D PCS 0.24 3.2 0.23 3.0 - -

than the 7Trys and the Gr has again converged at 0.5 points per
MHz. The CBW has converged to within 5% at two frequency
points per MHz.

We see that the number of frequency points needed for the
calculation of Triys and CBW depends on the RC. Also, the
CBW is dependent on the RC. For the PCS band, CBWY of
the large RC is about 0.5 MHz and CBWV of the small RC is
about 1.7 MHz. So, for an RC with a smaller CBW, a smaller
frequency spacing is needed than for an RC with a larger CBW.
The difference in CBW between the two RCs can be explained
by the Q factor. From (11), the Q factor is proportional to the
volume of the RC, so a larger RC has a larger Q factor. Equation
(4) shows that the Q factor is proportional to Trys, and from (7)
TrMs 18 inversely proportional to CBW. Hence, the large RC has
a lower CBW than the small RC.

B. Predicting CBW, TR ms, and Gres From Multiple Loading
Conditions

In this section, we focus on calculating the ACS with the
CBW using (9) and predicting the CBW from (10). The results
for Trms and Gyt can be found in Table III. For G we only use
Setup A because for Gf measurements, nine antenna positions
are needed for results to converge [7].
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Fig. 6. ACS calculated for the PCS band from (9) (stars), exposed absorber
surface area (squares), 77 (plusses), and exposed absorber surface area times 7
(0.23) for different loadings of the RC (circles).

Fig. 6 shows the ACS as a function of the number of absorbers
stacked in the large RC (Setup A) for the PCS band. The squares
show the actual exposed surface area of the absorbers. The stars
show the ACS calculated from (9). If the absorbers were ideal,
the calculated ACS would be equal to the actual exposed surface
area divided by four [22], [23]. The plus markers show the ratio
of the ACS to the exposed absorber surface area. We define
this ratio as a correction factor 7 that accounts for the limited
efficiency of the RF absorber

(ACS) ideal A/4

where A is the exposed surface area of the absorber. ACS and A
have the same units. The circles show the exposed surface area
of the absorbers times the mean of 1), where 1 was calculated for
each loading case. From Fig. 6, we see that 7 is approximately
constant (the maximum difference in 7 is 0.66%). We define
7 as the average of 7 for all loading conditions. Multiplying 7
with the actual exposed surface area of the absorbers agrees to
within 2% of the calculated ACS. Therefore, we conclude that
the ACS is a linear function of the exposed surface area of the
absorber.

We can predict the CBW of the RC setup for other loading
cases from (10) by knowing CBWVY, the speed of light, the vol-
ume of the RC, and the ACS of the new load. In Fig. 7, the
predicted CBW and the CBW obtained from (8) for various
loading conditions are compared for the PCS band. Measure-
ments were conducted at multiple transmit antenna locations to
account for the reduction in spatial uniformity with loading [10],
[12] as shown in Table I. The stars show the measured CBW
[calculated from (8)]. The squares show the CBW calculated
from (10) with the actual exposed surface area of the absorbers
as ACS. A discussion of the effects of exposing various amounts
of surface area may be found in [24]. There is a significant dif-
ference between the measured and calculated CBW when we
use the actual exposed surface area as ACS. The circles show
the CBW calculated from (10) for the actual exposed surface
area of the absorbers multiplied by the 7 from Fig. 6, as ACS.

a7
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Fig. 7. CBW calculated for the PCS band from (8) (stars), CBW calculated
from the exposed absorber surface area as ACS in (10) (squares), and CBW
calculated from the exposed absorber surface area times 7 (0.23) from Fig. 6 as
ACS in (10) (circles). CBWs are calculated for different loadings of the RC.

In Fig. 7, we see that the predicted and measured CBWs match
well, implying that the CBW for a different loading case can be
predicted if the ratio between the ACS and the exposed surface
area of the new RF absorber is known, i.e., if the average ab-
sorber’s efficiency 7 is known. Note that 77 can be experimentally
determined or sometimes be obtained from the manufacturer’s
datasheets. It generally depends on used materials, shape, and
placement in the RC. In this study we focus on 7 determined
experimentally.

Table I gives the 7] calculated from (17) with (ACS) from (9)
(Ticw), (ACS) from (5) (7rgys)> and (ACS) from (15) (7j¢,.,) for
all setups used. This table also includes the maximum difference
Apnax between the measured and predicted CBW, Tryvs, and Ger
for all loading conditions with the prediction based on (10)
(CBW), (6) (Trms), or (16) (Grer). Some values of 77 round to
0.25, which suggests ideal absorbers. In practice, the absorbers
were not ideal, but uncertainties in the absorbers dimensions
and RC measurements can cause 7] to round to 0.25.

In this section, we showed that measured ratio between the
ACS and the lossy object’s surface area (1) is nearly constant.
Because 7 is nearly constant, a determination of 7 from any
single loading condition is sufficient. Therefore, we can predict
the total ACS by knowing the total surface area of all absorbers
used inside the chamber and correction factor 1) determined from
a single loading condition. In the next section, we will illustrate
that this idea can save enormous amount of time when setting-up
the chamber for various wireless measurements.

C. Predicting CBW, Tpms, and Grer From a Single Loading
Condition

For over-the-air (OTA) tests of wireless devices, measuring
the S-parameters for all loading cases can be very time intensive
and the procedure described here can reduce this time. The
approach is based on well-known linear relationship between
the ACS and surface area [21]. Assuming this linear model, we
can predict the ACS by knowing 7 and the absorbers surface
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TABLE IV
MAXIMUM DIFFERENCE BETWEEN MEASURED AND PREDICTED CBW,
TRMS» AND Grr PREDICTED FROM A SINGLE LOADING CONDITION

Setup A pax CBW (%) A nax TRMS (%) A ax Grer (%)
A Cell 35 5.7 32

A PCS 2.0 5.6 2.5

B Cell 3.5 5.8 -

B PCS 5.0 5.2 -

C Cell 4.8 45 -
CPCS 3.1 3.5 -

D PCS 5.0 6.2 -

TABLE V

PERCENT DIFFERENCE BETWEEN MEASURED AND PREDICTED CBW OBTAINED
FrROM (10) USING A SINGLE LOADING CASE FOR THE PREDICTION.
SETUP A WAS USED: 1-7 STACKED ABSORBERS

Loading condition
used to determine 7

Predicted loading condition

1 2 3 4 5 6 7
Cell  Cell Cell Cell  Cell Cell  Cell
PCS PCS PCS PCS  PCS PCS  PCS
1 0 30 28 35 25 25 2.1
0 18 080 1.0 035 036 034
2 27 0 047 0076 1.1 12 1.6
15 0 11 11 1.8 1.9 2.0
3 23 044 0 057 06l 0.65 1.1
062 10 0 017 055 057 061
4 28 0068 055 0 12 13 1.7
074 089 016 0 0.73 075  0.80
5 19 095 056 12 0 0.025 045
024 15 049 069 0 0.0013  0.027
6 19 097 058 12  0.024 0 0.42
024 15 049 069 0.0013 0 0.026
7 16 13 095 16 043 0.41 0
022 L5 051 071 0025 0025 0

area. We can now study the predictability of our method when
7 is derived from a single loading case for various setups.

Tables V-VIII show the percent difference between the pre-
dicted value of the CBW and the CBW calculated from S-
parameters from (8) for Setup A to Setup D, respectively. We
predicted the CBW for all loading cases using 7 calculated from
one loading case and using (10). n was determined from (17)
using (9) to calculate (ACS). The rows in the tables indicate
different loading conditions used to calculate 7. The columns
indicate the predicted loading conditions. For Setup A, the max-
imum difference between the measured and predicted CBW is
below 3.5% for every loading case used for the calculation.

In Table IV, we give the comparison in terms of maximum dif-
ference Ap.x between predicted and measured metrics (CBW,
Trms and Giep) for different measurement setups, when 7 is
derived from a single loading case. The maximum observed
difference between measured and predicted CBW was below
5%. On the other hand, maximum difference between mea-
sured and predicted Trms was below 6.2%, while predicted
Gref Was in consistence with measured one within 3.2%, which
corresponds to an uncertainty of 0.14 dB. This uncertainty is
sometimes smaller than the measured uncertainty due to lack of
spatial uniformity [10].
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TABLE VI
PERCENT DIFFERENCE BETWEEN MEASURED AND PREDICTED CBW OBTAINED
FrOM (10) USING A SINGLE LOADING CASE FOR THE PREDICTION.
SETUP B WAS USED: 1-5 ABSORBERS STANDING ON THE SIDE

Loading condition
used to determine 7

Predicted loading condition

1 2 3 4 5
Cell Cell Cell Cell Cell
PCS PCS PCS PCS PCS
1 0 0.28 32 32 0.63
0 4.0 0.61 0.49 0.47
2 0.23 0 35 35 0.95
3.0 0 3.6 4.9 5.0
3 26 34 0 0.11 29
0.44 34 0 1.1 1.1
4 25 33 0.11 0 28
0.34 44 1.1 0 0.039
5 0.46 0.84 26 26 0
0.31 44 L1 0.037 0
TABLE VII

PERCENT DIFFERENCE BETWEEN MEASURED AND PREDICTED CBW OBTAINED
FrOM (10) USING A SINGLE LOADING CASE FOR THE PREDICTION.
SETUP C WAS USED: 1-4 PYRAMIDAL SHAPE ABSORBERS PLACED ON THE
FLOOR

Loading condition Predicted loading condition

used to determine 7

1 2 3 4
Cell Cell Cell Cell
PCS PCS PCS PCS
1 0 0.23 4.6 1.8
0 1.6 1.5 0.46
2 0.20 0 4.8 2.1
1.3 0 3.1 2.2
3 39 4.8 0 3.0
1.2 3.0 0 1.1
4 1.5 2.0 29 0
0.34 2.0 1.0 0

To illustrate that the 5% difference in CBW is not significant
compared to other factors, such as the choice of the autocorre-
lation threshold, we calculated the CBW for a single loading
condition and setup with two different threshold values. For
the calculation of the CBW from the autocorrelation, we used a
threshold of 0.5. This threshold is not the only threshold that can
be used. Values like 0.7 and 1/e can also be used as a threshold
[18]. We calculated the percent difference of the CBW calcu-
lated with a threshold of 0.5 and 0.7 for Setup A with seven RF
absorbers. The difference between the calculated CBWs with
different threshold values is 42.5%. We conclude that the dif-
ference between the predicted and measured CBW (5.0%) is
not significant, relative to the difference caused by a different
threshold.

In Setup B, the absorbers are placed individually on their
sides, resulting in a much heavier loading condition than the ab-
sorber stack used in Setup A because of the increased exposed
surface area A. The difference between the prediction and mea-
surement of the CBW for the cell and PCS bands can be found
in Table VI. This table shows that for this setup, the maximum
difference between the prediction and measurement of CBW is
below 5.0%.
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TABLE VIII
PERCENT DIFFERENCE BETWEEN MEASURED AND PREDICTED CBW OBTAINED
FrROM (10) USING A SINGLE LOADING CASE FOR THE PREDICTION.
SETUP D WAS USED: 1-5 STACKED ABSORBERS IN A SMALL
RC CALCULATED FOR THE PCS BAND

Loading condition used Predicted loading condition

to determine 7

1 2 3 4 5
1 0 1.5 0.99 0.078 3.4
2 1.3 0 0.60 1.7 5.0
3 0.81 0.56 0 1.1 4.4
4 0.062 1.6 1.1 0 3.3
5 2.7 4.7 4.3 3.3 0

The previous measurements were made with square absorber
blocks. We also measured absorbers having a pyramidal shape
(Setup C). Table VII shows that the maximum difference be-
tween the predicted and measured CBW stays below 4.8%.

To investigate if the CBW prediction also works for other
RCs, we measured a stack of absorbers in the small RC (Setup
D). The RCs used in these experiments are representative for de-
termining CBW, 7ryps, and G- Tanuhardja et al. [9], [10], [18]
used these RCs before to determine chamber characteristics. The
resulting difference between the predicted and measured CBW
based on a measurement of the unloaded RC and one loading
case is shown in Table VIII for the PCS band. For this RC, the
maximum difference between the predicted and measured CBW
stays below 5.0%.

V. CONCLUSION

In this paper, we developed a method to predict the CBW,
TrMs, and Gier of a loaded RC based on a measurement of an
unloaded RC and a measurement of a single loading case whose
exposed surface area is known. Note that we restricted our study
on RF absorber blocks as loading material. Common DUTs and
real RC fixtures can also load the chamber and consequently
change CBW, 7ruvs, and G However, this is beyond the scope
of this study. We relate the ACS of a single loading case to the
actual exposed surface area of the RF absorber to predict the
ACS of other loading cases. The maximum difference between
the predicted and measured CBW, 7rys, and Gier stays below
6.2% for different types of absorbing materials, different shapes
and placements of the absorber and different RCs.

We also looked at the frequency spacing of the VNA mea-
surements that is needed for the calculation of the CBW, mrums,
and G- For the setups we studied, a smaller frequency spacing
is needed for the calculation of 7rys than for the calculation of
CBW. For the calculation of G, the frequency spacing is not
strict. We also saw that RCs that provide a narrower CBW when
unloaded (e.g., larger chambers) require a smaller frequency
spacing than RCs with a wider unloaded CBW.

The method developed here can reduce the test time for OTA
testing of cellular devices in RCs. In particular, this refers to
tests such as TIS, where it is necessary to load the chamber to
widen the CBW. To set up the RC, first measure S-parameters
of an unloaded RC. Measure the RC loaded with RF absorbers
with a known amount of exposed surface area after that. Finally,
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calculate the amount of absorbers needed to obtain the desired
CBW, TRMS OI Gref.

Possible future work includes research on the restrictions
of this method and on the range of the maximum difference
between predicted and measured RC characteristics.
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